New composite materials with high strength and toughness are expected to be obtained from titanium alloys by ¡-titanium precipitation in ceramic particles dispersed in a matrix. In this study, a series of TiCrCN alloys were prepared, and the effects of chromium and nitrogen contents on the microstructural changes in the TiC particles were revealed in (¡ + ¢)-or ¢-titanium alloys. ¡-Titanium precipitation in the TiC particles was observed when the nitrogen content was more than 2 at% and the chromium content was less than 11 at%. The mechanism of and the conditions for ¡-titanium precipitation are discussed in terms of the crystallographic relationship between ¡-titanium and metastable Ti 2 C.
Introduction
It is well known that titanium and its alloys possess a good combination of high specific strength, good corrosion resistance, and low density. They have therefore been used for many practical applications such as components for bicycles, cameras, and medical and biomedical products. 1) However, titanium is used not only as a monolithic metal and alloys, but also in composites with ceramics particles. We have been studying the fabrication of TiC particle-reinforced ¡-titanium matrix composites fabricated from TiCN system powder mixtures using a process combining a combustion reaction and conventional arc-melting (reactive arc-melting method) under an Ar gas atmosphere.
According to previous studies, unique microstructures, accompanied by precipitation of ¡-Ti inside TiC particles, can be formed in titanium matrix composites. 2, 3) The development of new types of titanium composites with high fracture toughness, in which a brittle ceramic (TiC) and ductile metal (¡-Ti) coexist, is therefore very attractive.
In general, (¡ + ¢)-and ¢-titanium alloys have been considered to be very important materials because of their high strength, low density, and good corrosion resistance. However, a previous study showed that ¡-Ti precipitation in TiC was found only in ¡-Ti matrix composites. 2, 3) By controlling this microstructure, new (¡ + ¢)-and ¢-Ti matrix composites with high strength, toughness, and ductility could be produced.
Recently, we reported that ¡-Ti precipitation was observed inside TiC particles in TiFeCN systems when the nitrogen content was more than 2 at% and the iron content was less than 8 at%. 4) In this study, our attention is focused on the microstructural changes in TiC particles as a result of the combined effects of nitrogen and chromium; chromium is well known as a ¢-Ti stabilizer, is inexpensive, and has good biocompatibility.
In this study, a series of (¡ + ¢)-and ¢-Ti alloy composites were prepared using the reactive arc-melting method. The microstructures of the TiC particles and the Ti matrix were investigated by optical microscopy, scanning electron microscopy (SEM), and transmission electron microscopy (TEM). X-ray diffraction (XRD) was used to identify the phases, and micro-Vickers hardness measurements were carried out for a preliminary investigation of mechanical properties.
Experimental Procedures
Ti powder (99.9%, 350 mesh), C powder (graphite, 99.98%, 25 µm), TiN powder (99.5%, 350 mesh) and Cr powder (99%, 50 µm) were used as the starting materials. The compositions selected for this study were TiCr (x at%) N (y at%)TiC (5 vol%) by varying the additive amounts. The detailed compositions of the samples are listed in Table 1 .
The required quantities of powders were weighed using electronic scales and were well mixed in a mortar. These mixtures were then uniaxially pressed in a cylindrical die of diameter 10 mm under a pressure of 230 MPa. Then 30-g button ingots of alloys were prepared from the pellets using a non-consumable arc-melting method under an Ar atmosphere. These ingots were flipped and remelted four times to ensure compositional homogeneity. The alloy compositions were chosen for their locations in the TiCr phase diagram, as shown in Fig. 1 . The XRD patterns of the alloys were recorded using a diffractometer (Rigaku Multiflex, Rigaku, Tokyo, Japan) with Ni-filtered Cu K¡ radiation.
For the optical microscopy analysis, samples were prepared according to a standard metallographic procedure. The first step was plane grinding with SiC paper of up to 1000 grid. The plane grinding was followed by electropolishing. A standard chemical agent (60% methanol + 34% butanol + 6% perchloric acid) was used for electro-polishing and the chemical agent was also applied under 24 V at a temperature of around ¹30°C for preparing thin samples for TEM observation. The samples were etched using Kroll's solution after polishing. Specimens were analyzed by optical microscopy and SEM. Samples for TEM examination were first ground with SiC paper of up to 2000 grid. The sample thickness after mechanical polishing was below 70 µm. Finalspecimen thinning was carried out using a twin-jet electro-polishing machine with a solution containing nitric acid and methanol (20 : 80) at a temperature between ¹50 and ¹40°C. A TEM operating at 200 kV was used to investigate the microstructures of the TiC particles and the Ti matrix. The micro-Vickers hardness measurements were carried out by Hardness testing machine. The condition that applied load is 245.2 mN for TiC particle, 980.7 mN for Ti matrix. Figure 2 (a) shows XRD patterns of the samples with various added amounts of chromium (0, 3, 5, 7, 9, 12.5 at%), without nitrogen. In the XRD profiles, ¡-Ti, ¢-Ti and TiC phases are present. The diffracted intensity for the ð01 12Þ plane from ¡-Ti becomes weaker with increasing amounts of chromium, and the peak for the ð01 12Þ plane from ¡-Ti cannot be seen for Cr contents of 79 at%. On the other hand, the intensity of the (200) plane from ¢-Ti becomes stronger with increasing amounts of chromium. This implies that the proportion of the ¡-Ti phase in the matrix decreases with increasing amounts of added chromium. Conversely, the proportion of the ¢-Ti phase in the matrix increases with increasing chromium contents. The XRD results in Fig. 2(a) show that the phases of the constituents of each sample prepared by reactive arc-melting were decided in the temperature range 700780°C, shown by a dotted square in Fig. 1 . Also, it is thought that phase transformations never occur at temperatures lower than these. XRD patterns of the samples with various nitrogen contents are shown in Fig. 2(b) . In these samples, chromium addition was fixed at 5 at%. Peaks from ¡-Ti, ¢-Ti and TiC are detected in all the samples. The diffraction angle 2ª for the ð01 12Þ plane of ¡-Ti shifted toward lower angles as the nitrogen content increased. In contrast, 2ª for the (220) plane of TiC shifted to higher angles. Ti0Cr0N5TiC  0  0  Ti7Cr3N5TiC  7  3   Ti0Cr1N5TiC  0  1  Ti7Cr5N5TiC  7  5   Ti0Cr2N5TiC  0  2  Ti9Cr0N5TiC  9  0   Ti0Cr3N5TiC  0  3  Ti9Cr3N5TiC  9  3   Ti0Cr5N5TiC  0  5  Ti9Cr5N5TiC  9  5   Ti0Cr10N5TiC  0  10  Ti10Cr0N5TiC  10  0   Ti3Cr0N5TiC  3  0  Ti10Cr3N5TiC  10  3  Ti3Cr1N5TiC  3  1  Ti10Cr5N5TiC  10  5   Ti3Cr3N5TiC  3  3  Ti10Cr10N5TiC  10 Based on the XRD profiles, the lattice constants of ¡-Ti and TiC were calculated. Figure 3 shows the changes in the lattice constants of the a-and c-axes of ¡-Ti and TiC with different nitrogen contents. The higher the nitrogen content, the more both the a-and c-axes of ¡-Ti expand. However, the rate of change of the c-axis is steeper than that of the a-axis. It therefore seems that nitrogen atoms tend to expand the caxis of the titanium lattice. This means that nitrogen atoms select the positions of octahedral vacancies in the hexagonal crystal structure of ¡-Ti, so the c-axis expands much more than the a-axis. On the other hand, the lattice constant of TiC decreases with increasing amounts of nitrogen, implying that the lattice constant continued to shrink with increasing amounts of nitrogen. It is well known that TiC and TiN are completely soluble in the solid state because they both have the rock-salt crystal structure; the lattice constant of TiN is smaller than that of TiC, so carbon atom sites in TiC were replaced by nitrogen atoms to form Ti(C, N). It is considered that the lattice was constricted.
Results and Discussion

XRD
Optical microscopy and SEM observations
Optical micrographs of selected samples are shown in Fig. 4 . The microstructures of the TixCr0N5TiC system are shown in Fig. 4(a) . According to the XRD results, the titanium matrix changes from ¡ + ¢ to ¢ with increasing chromium content; however, significant microstructural changes in the titanium matrix were not observed.
The microstructures of samples of the Ti5CryN5TiC system are shown in Fig. 4(b) . The XRD results showed that the matrixes of all the samples were (¡ + ¢)-Ti. However, there are few microstructural changes in the matrix. In contrast, the size of the TiC particles is highly sensitive to the nitrogen content of the alloy. The particles become larger with increasing amounts of added nitrogen. Furthermore, for addition of 2 at% nitrogen, precipitation of ¡-Ti inside the TiC particles occurs, and it can be clearly seen that the amount of ¡-Ti precipitation increases with increasing nitrogen addition.
Figure 4(c) shows the microstructures of the TixCr5N 5TiC system. The amount of ¡-Ti precipitation in the TiC particles gradually decreased, and completely disappeared when the chromium content was 12.5 at%. We observed ¡-Ti precipitation in TiC, even when the nitrogen content was 11 at%. Figure 5 shows the SEM micrographs of TiC particle in the 10Cr5N and 12.5Cr5N alloys. ¡-Ti platelets are clearly visible in the 10Cr5N alloy; however, the surfaces of the TiC particles in the 12.5Cr5N alloy are free of ¡-Ti platelets. It was clearly found that when the matrix is the ¢-Ti phase, ¡-Ti is no longer precipitated in the TiC particles. Figure 6 shows a constitutional diagram as a function of chromium and nitrogen contents. It shows the combination of chromium and nitrogen contents at which ¡-Ti precipitation in the TiC particles is observed. The open circles indicate the alloys in which ¡-Ti precipitation in the TiC particles is absent. Closed circles indicate the presence of ¡-Ti precipitation in the TiC particles. The light and dark shaded closed circles indicate the amount of ¡-Ti precipitation in the TiC particles. It can clearly be seen from Fig. 6 that ¡-Ti precipitation is observed only when the nitrogen content is more than 2 at% and the chromium content is less than 11 at%.
These results show that even if the specimens have an (¡ + ¢)-Ti matrix, ¡-Ti precipitation occurs in the TiC particles with increasing amounts of nitrogen, and conversely, the precipitation amount decreases with increasing chromium concentration.
TEM observations
TEM observations were carried out to examine the detailed microstructures of the plate-shaped precipitates. First, observation of the samples containing 5 at% Cr was performed to determine the microstructural changes resulting from the addition of nitrogen. In these samples, ¡-Ti precipitations were clearly revealed by optical microscopic observations when the nitrogen content was more than 2 at%. Figure 7(a) shows the bright-field images and electron diffraction patterns of TiC particle from the [011] direction. The matrix phase of the 5-at% Cr specimen is (¡ + ¢)-Ti. Diffuse spots in 1/2 ð11 1Þ TiC can be seen when the sample does not contain nitrogen. Analysis shows that these spots come from Ti 2 C, which has the superlattice structure of TiC. Figure 8 shows the schematic crystal structure and electron diffraction pattern of Ti 2 C. As previously reported, there are two types of Ti 2 C, namely Fd3m and R-3m crystal structures based on TiC (rock salt type).
57) It is very difficult to distinguish the two crystal structures because the diffraction patterns corresponding to Fd3m and R-3m are the same as each other when many small variations contribute to the selected area diffraction (SAD). 7, 8) A clear understanding has not yet been obtained as to which Ti 2 C phase appears in the specimens used in this study.
When the sample contains more than 3 at% nitrogen, fine plates of ¡-Ti precipitates start to form and the SAD pattern shows the coexistence of Ti 2 C and ¡-Ti. On further addition of nitrogen (5 at% or more), coarse ¡-Ti plates are more apparent in the micrograph and the diffused Ti 2 C spots are completely obscured in the SAD pattern. This shows that the crystal orientation relationship becomes as follows: ð111Þ TiC == ð111Þ Ti 2 C == ð0001Þ ¡-Ti and
The precipitated Ti in the TiC particles can be assumed to be from Ti 2 C. On the other hand, no precipitated ¡-Ti is observed, regardless of the amount of nitrogen (Fig. 7(b) ). Also, the diffraction pattern of Ti 2 C, which is the same as that obtained from the samples with 0 at% nitrogen, are present in both samples. It is apparent that when the matrix is single-phase ¢-Ti, little of the Ti 2 C phase is transformed to ¡-Ti. The relationships between ¡-Ti and Ti 2 C are considered in crystallographic terms. Figure 9 shows that ¡-Ti and Ti 2 C (R-3m) have very similar structures. Moreover, as a result of nitrogen addition, the lattice constant of TiC becomes smaller, so the Ti 2 C (111) becomes close to the size of the c-axis in the ¡-Ti plane on addition of nitrogen. Thus, for all these reasons, Ti 2 C can be considered to be transformed to ¡-Ti. Figure 10 shows the changes in hardness of the Ti matrix and TiC particles. The hardness of the Ti matrix in any of the compositions increases with increasing amounts of nitrogen. This is caused by solid solution strengthening by nitrogen. However, the hardness of the TiC particles seems to decline with increasing nitrogen content. This decrease in hardness is caused by the presence of precipitated soft ¡-Ti in the TiC particles. The rate of decline is large in samples with less added chromium, other than the sample with 12.5 at% Cr. As shown by XRD, chromium addition decreased the amount of ¡-Ti phase in the matrix, and the amount of ¢-Ti phase in the matrix increased. It is obvious that if the matrix is completely ¢-Ti phase, ¡-Ti would not be present in the equilibrium phase. Consequently, the amount of ¡-Ti precipitation on TiC particles gradually decreased, and it finally vanished from the surface of the TiC particles. The sample with 12.5 at% Cr did not show any hardness changes.
Vickers hardness measurements
Conclusions
TiC particle-reinforced (¡ + ¢)-or ¢-titanium alloys were prepared by reactive arc-melting of TiCrCN systems. The effects of chromium and nitrogen contents on the microstructural changes in the TiC particles were revealed. The following conclusions were drawn.
(1) ¡-Ti precipitation in TiC particles is observed when the nitrogen content is more than 2 at% and the chromium content is less than 11 at%. (2) ¡-Ti precipitation in TiC particles is affected by the presence of Ti 2 C. (3) The amount of ¡-Ti precipitation in the TiC particles increases with increasing nitrogen content; however, the TiC hardness is reduced. On the other hand, the hardness of the Ti matrix increases as a result of solid solution strengthening by nitrogen. (4) No ¡-Ti precipitation was observed in the samples containing 12.5 at% Cr because ¡-Ti could not exist in the equilibrium phase.
